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Abstract. This study focuses on the effects of an adhesive defect and adherend type and material on stress distribution in laminated
composite tubular joints sustaining axial tensile loads. The tubular joint comprised two hollow tubes joined by a layer of adhesive
to form a simple lap joint, hosting a cylindrical void or debond. The adherends were assumed to be either isotropic, quasi-isotropic,
orthotropic, or transversely isotropic. Applying linear elasticity, the equilibrium equations were derived and solved using the
differential quadrature method. Furthermore, finite element models of the joint were prepared and solved to support the semi-
analytical solutions. Good agreements were observed between the results of both methods. Based on the results, for a defect-free
joint with a bond length of 30 mm, nearly 80% of the bond length experienced zero peel stress (s,), while this value was about
20% for the peak interfacial shear stress (7, )n... Additionally, among the selected types of glass/epoxy outer tubes, the [0,]

lamination setup minimized (7,, )., While (c,),., Was the least for the quasi-isotropic arrangement of [0/90/ —45/ 45];. Moreover,
replacing the aluminum inner tube with steel, reduced the tensile peak peel stress by 38% and increased the peak shear stresses
by 12%. However, compared to a defect-free joint, a void/debond in the adhesive layer highly affected the magnitudes and locations
of the adhesive peak interfacial shear and the tensile peel stresses. Additional results showed that in a defective adhesive hosting
a void, the application of [0,] transversely isotropic carbon/epoxy can reduce the adhesive peak shear stresses by 200% compared
to glass/epoxy.

Keywords: Tubular joint, adhesively bonded, stress distribution, composite tube.

1. Introduction

Adhesively bonded joints are used in a wide range of applications, from commercial to aerospace [1-5]. In this connection, the
tubular joints are classified into two main types based on the shape of the bonded region: tubular lap joints and tubular socket
joints. In single-lap tubular joints, the two adherends (or tubes) are joined by a layer of adhesive (see Fig. 1(a)). The adherends
material can be isotropic, fiber-reinforced plastic, or any other composite type. In tubular socket joints, the two adherends (or
tubes) are joined by a socket using a layer of adhesive (see Fig. 1(b)).

In these joints, the socket and/or pipe materials may be similar or different, which can affect the strength and durability of
the joint. One of the main concerns in designing these joints is to minimize the maximum peel and shear stresses that occur in
the adhesive layer. In the adhesively bonded joints, these stresses are a function of load, joint type, and the geometric and
mechanical properties of the adhesive and the adherends. Depending on the load type and its magnitude, joint geometry, as well
as physical and mechanical properties of the joint constituents, excessive stresses can develop in the adhesive layer causing its
failure. For this purpose, many investigations have been conducted to estimate the stresses that develop in this layer and reduce
their values to optimize the joint performance.

In the early studies by Goland and Reissner [6], stress distribution was investigated in cemented lap joints to establish a strong
bond between plastic, wood, or metal sheets. The resulting solutions focused on two limiting cases. In case 1, the joint flexibility
was ignored due to the thin layer of cement, and in case 2, the joint flexibility was mainly considered to be due to the adhesive
layer. Later, in the study performed by Lubkin and Reissner [7], stress distributions in adhesively bonded circular tubes in tension
were investigated. The adhesive behavior was assumed to be elastic and much more flexible than the adherends. The effect of
various parameters on stress distribution was investigated. The inelastic behavior of the adhesive layer on adhesive stress
distribution was investigated in [8]. Here, the Prony series was used to account for the viscoelastic behavior of the adhesive layer.
Furthermore, the long-term redistribution of stresses in the adhesive layer was determined using the finite element method. In a
different study, applying the finite element method, Adams and Peppiatt [9] investigated the adhesive stresses in axially and
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torsionally loaded tubular lap joints with isotropic adherends. Square-edged adhesive layer and adhesive with fillet were both
considered in this analysis. The results were further compared against the closed-form solutions. Additionally, the effect of partial
tapering of the adherends as well as the effect of adhesive fillet were investigated in this analysis.

In addition to [8], the effect of matrix inelastic behavior on shear stress in the adhesive layer of a single lap joint was
investigated in [10]. In this analysis, the adhesive layer was assumed to have either a linear elastic or an inelastic behavior.
According to the results, the inelastic behavior of the adhesive layer affects the stress distribution even at low levels of external
loading. In Ref. [11], Stress distribution in adhesively bonded cylindrical lap joints with isotropic adherends was investigated. In
this study, the adhesive layer was allowed to be flexible or inflexible. The approximate closed-form solutions for the shear and
normal stress distributions were obtained using the concept of minimum complementary energy. Numerical examples were used
to demonstrate the effects of different parameters on stress concentrations that occur near the joint ends. The influence of residual
stresses on the strength of the tubular joints with isotropic adherends is discussed in [12]. In this reference, the static strength and
load-bearing capacity of an adhesively bonded tubular joint subjected to axial load is discussed. It considers the effects of the
nonlinear behavior of rubber-toughened epoxy and the residual thermal stresses in the adhesive that arise from the joint's
fabrication on the stress distribution along the bond length of the resulting single lap joint. This joint was designed to bond two
steel tubes. The finite element analysis and tensile tests were utilized to develop the failure model of the joint.

The investigation reported in [13] focuses on the optimal design of co-cured steel-composite single-lap tubular joints. The
design parameters studied included the thickness ratio of the steel and composite substrates, the test temperature, the stacking
sequence of the composite adherend, and the presence of a scarf in the steel substrate. The failure mode of the joint was analyzed
by considering the nonlinear behavior of the steel adherend, as well as the failure modes of each substrate in the steel-composite
joint. The stress analysis accounted for the nonlinearity in the behavior of steel adherend and the residual stresses resulting from
the fabrication process of the composite substrate. However, the thermal characteristic of tubular joints under axial loads is covered
in [14].

One of the major concerns in joint analysis is the adhesive behavior under both static and dynamic loads. The theoretical
investigation presented in [15] uses a shear lag model to examine the dynamic response of a tubular single lap joint that contains
a void and is subjected to a harmonic axial load. The analysis assumes that the adhesive layer exhibits viscoelastic behavior, while
the 6061-T6 aluminum adherends are treated as linear elastic materials. The study discusses the effects of the material properties
of both adherends and adhesive, as well as the geometric dimensions of the joint and the presence of the void, on the shear stress
distribution in the joint and the system's first natural frequency. The findings indicate that when the void length is less than 40%
of the overlap length, the presence of the defect has minimal impact on the system's response.

The study presented in [16] focuses on the failure load for brittle crack propagation, joint optimization, and crack detection
based on the free vibration results of an adhesively bonded tubular joint subjected to axial load. The results indicate that, although
the maximum shear stresses in the adhesive layer occur at the two end faces, the highest stress levels are found at the end of the
stiffer tube. Notably, this stress does not reach zero, even in a joint with a theoretical bond length that is infinitely long.
Additionally, a fracture energy criterion for both conventional and optimized joints was introduced to predict brittle crack
propagation. The axial natural frequencies, which vary with crack length, were utilized for crack detection. Additional contributions
to the stress distributions in the adhesive layer of a tubular joint via the application of variational method to the potential energy
of deformation can be found in [17].

Adhesively bonded joints with glass-fiber reinforced polymeric adherends (pipes) are often used in areas that may be subjected
to internal/external pressure and exposed to corrosive media. In such cases, the performance of these joints is of great importance.
In this relation, the study performed in [18] considers the failure behavior of two small glass-fiber reinforced tubes bonded by an
adhesive layer to a socket. The joint performance was tested with a high tensile load combined with two different internal pressures
of zero and 32 bars. The analytical and experimental results showed that the initial damage more likely occurs when the joint is
loaded with a high tensile load in the absence of internal pressure.

Outer tube
(tube or adherend 2)

Adhesive layer ~ _—
Inner tube e Ly
(tube or adherend 1)

o Outer tube
/ Adhesive layer  (tube or adherend 2)

"‘._.- — Y1 Bond (overlap) Inner tube /
: length (tube or adherend 1)
(@)
Socket (coupler) Socket (coupler)

Adhesive layer — Adhesive layer

i Bond length

Fig. 1. Schematic diagrams of two adhesively bonded tubular joints, (a) A tubular adhesively bonded single-lap joint, (b) A tubular adhesively
bonded socket joint.
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One of the methods to increase the load-bearing capacity, strength, and lifetime of tubular joints is to reduce the stress
concentrations occurring at the two ends of the overlap region. In this relation, the study performed in [19] has focused on the
application of adhesives with a regulated modulus along the bond line. The study presents a theoretical framework that is based
on the variational principle and is used to calculate the shear and peel stress distributions in a tubular joint under an axial force.
According to the results, the peak shear and peel stresses are much smaller than those of a joint with a mono-modulus adhesive.

Using the finite element-based simulation technique, adhesion failure analysis of a tubular joint under a tensile external load
and in the presence of a delaminated adherend was investigated in [20]. The adherends were composed of fiber-reinforced
composite. Using the Tsai-Wu failure criterion, the effective overlap length required for proper joint performance was determined.
Furthermore, using the virtual crack closure technique, the strain energy release rate was calculated to assess the adhesion failure.
Results showed that adherends with plies oriented in the direction of the applied load show better resistance to in-plane shearing
and opening mode growths of the adhesion failure. A parametric multi-objective optimization study on adhesively bonded tubular
lap joints under an axial load was performed in [21]. Results showed that all geometric parameters affect the stress profile in the
adhesive layer. The optimization study included six variables with three constraints and four objectives imposed on an
axisymmetric two-dimensional finite element model. The study's objective included maximum normal and shear stresses, joint
mass, and the equivalent stress in the adhesive layer.

In the study performed by Dragoni and Goglio [22], the underlying assumptions and accuracy of a few published results on the
previous theoretical joint models under axial loads were reviewed. In a related study by Goglio and Paolino [23] on a tubular joint
under axial load, using the Laplace transform, an explicit closed-form solution was obtained that was not reported in the Lubkin
and Reissner model [7]. In this analysis, the adherends were treated as cylindrical thin shells subjected to bending and membrane
stresses. Numerical examples were presented to support the formulations. Good results were obtained. In the study performed in
[24] on tubular joints (with a socket or coupler, see Fig. 1(b)) under axial loads, a mathematical model was presented to calculate
the distribution of stresses in the joint. Due to the joint geometric and loading, axisymmetric behavior was assigned to the joint.
For the composite adherends, the effect of fiber angle forming the composite pipe was investigated. The effects of three different
adhesives joining two tubular aluminum adherends under an axial load were studied in [25]. Finite element and experimental
analyses were conducted to determine the distribution of peel and shear stresses in the adhesive layer. Furthermore, to predict the
joint strength, cohesive zone models were employed to investigate the damage evolution.

In Refs. [26-27], the effect of a defect (in terms of a void or a debond) was studied only on shear stress distribution in the adhesive
layer of a tubular single lap joint (see Fig. 1(a)) with isotropic adherends. The joint was either under torsion or an axial tensional
load. Results indicated that the void’s presence in the adhesive layer increases the peak shear stress near the overlap end for the
joint in torsion. However, for a debond, the value and location of this stress depended on the length and location of the debond.
For a near-edge debond, the peak shear stress occurred where the debond started. Similar behavior was observed for a tubular joint
in tension.

Although there are a few other studies on tubular joints in tension, to the best of the authors' knowledge there is no
experimental, analytical, or numerical work associated with the effect of adhesive defects on stress distribution in this layer for
tubular joints in tension. In addition to the isotropic adherends, this study also focuses on the effects of material type and/or
adherend’s lamination setup (orthotropic, quasi-isotropic, or transversely isotropic) on the adhesive stresses, results of which are
still missing in the literature. For this purpose, a novel mathematical approach is proposed that enables one to study the stress
distributions in a defective adhesive hosting a cylindrical void or debond for a single lap tubular joint in tension. To achieve this,
applying linear elasticity, the equilibrium equations are derived and solved using the differential quadrature method results of
which are presented in Section 4. Additionally, finite element models are prepared and solved to back up the semi-analytical
results. It is worth mentioning that the semi-analytical solution presented in this research, and similar works by other researchers,
can effectively represent stress distribution in both brittle and ductile adhesive materials. Since polymeric adhesives have different
properties, the terms "brittle" and "ductile" refer to the inherent characteristics of the specific polymer used in the analysis. For
example, Aralidite 2047-1 exhibits a ductile behavior while Araldite 2020 is brittle. As a consequence, the presented analysis can
be applied to any type of adhesive used in joint analysis provided proper care is exercised in formulating and interpreting the
results.

2. Derivation of Equilibrium Equations

Consider a cylindrical tubular single lap joint in tension as shown in Fig. 1(a). To derive the governing equilibrium equations,
it is assumed that:

e Due to axisymmetric loading, the circumferential displacement in the adhesive layer can be assumed to be zero.

e The adherends and adhesive layer behave as linear elastic.

¢ The axial displacement function of the adhesive layer is of a second-order polynomial, expressed in the circumferential and
axial directions. However, the function representing the adhesive radial displacement is assumed to be linear.

e According to the previous studies [26-27] and based on the coordinates shown in Fig. 2, the dominant stresses in the adhesive
layer are the axial shear stress 7,, and the peel stress o,.

Furthermore, to derive the equilibrium equation, the following strategy was applied [31]:

a) As the first step, the adhesive layer was assumed to be flawless. In this case, the governing equations of equilibrium were
derived and used as the base equations, the results of which were used for further comparison. Based on this strategy, the
governing elasticity equations were derived and solved to obtain the complete field equations.

b) In the second step, the adhesive layer was assumed to host either a cylindrical void or a cylindrical debond. Applying the
proper boundary and continuity conditions in the adhesive layer, the deduced equilibrium equations were solved results of
which were compared against those of a flawless adhesive (in step 1) to determine the effect of a defect on adhesive stresses.

2.1. Governing linear elasticity equations for a defect-free tubular single lap joint under a tensile load

Using the notations used in Fig. 2, the free-body diagrams of a portion of each tube were drawn as shown in Fig. 3. In this
figure, the subscripts 1 and 2 refer to the inner and outer tubes (adherends), respectively. Moreover, to derive the equilibrium
equations for the defect-free joint, 7, and 7, were allowed to be the shear stresses at the upper and lower adhesive-adherend
interfaces (see Fig. 2) while ¢ was considered to be the peel stress.
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Fig. 2. Parameters and coordinate system used in [32].

Qx1+dQyy Qx2+dQy 2
P s
My, +dMy Nx2+de2

(®)

Fig. 3. The free-body diagrams of a differential element of each tube (adherends), (a) Inner tube (tube 1), (b) Outer tube (tube 2).

Considering (Q,), =Q,., (Ny),, =Ny, Nyw (M), =M, and hm (m = 1,2) as the transverse shear load/unit length, the resultant

xm?

axial load /unit length, the circumferential load Junit length, the bending moment/unit length, and each tube thickness,
respectively, application of the force equilibrium equations on a differential element of each tube in the axial direction gives:

dN,, _ R
dx 1§1 (1a)
dN, R

ek =

In Egs. (1a) and (1b), R, and R, are defined as:

= R/ +R

R, == )
= R, +R

R,== ®

where Ri (i = 1-4) are the inner and outer radii of tubes 1 and 2, respectively (see Fig. 2).
Moreover, the application of bending moment along an edge line of the differential tube element perpendicular to the x-axis

gives:

dM, R, h

S 1=Q,,—7 f: *21 (4a)
dMm, R, h

WZZQ*f”ﬁff (4D)

On the other hand, equilibrium equations (5a) and (5b) are obtained by applying the force-equilibrium equations in the radial

[

direction “r” as:

dQ,, N, R,
dx R, R’ (>a)

1
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&71\]52_&
&x R’ R (5b)

Additionally, for the portion of each tube (adherend) outside the bond length (with the lengths L. and Lg, see Fig. 2), the
pertinent equilibrium equations distinguished by the superscript “bp” are:

aney

dx 0 2
d%:?:o (6b)
T ve)
s _ o )

d%’il%”’: 0 (8a)
Q) NP, (8b)

dx R,
According to Fig. 4, the equilibrium of forces on either portion of the joint assembly (in this case left portion) requires that:
PI(X)+P2(X)+Padh(X):P0 (9)

In Eq. (9), Paan(x) is the tensional load in the adhesive, while Pi(x) and Pi(x) are similar loads in adherends 1 and 2, respectively.
Since each tube is under axisymmetric loading, the axial and radial displacement components of the displacements, namely,
ui(x,z) and wi(x), are independent of the circumferential direction 6. Hence based on the previous assumptions we can write:

Ui(%,2) = Uy (%) + 25, (%) (10)

w;(X) = w, (x) (11)

In Egs. (10) and (11), parameter z which is measured along the radial direction “r’ is the local distance between any point along
each tube thickness and its mid-plane surface. Moreover, w,;(x), x,;(x), andu,(x), are the tube radial displacement, curvature,
and mid-plane axial displacement functions, respectively. Applying linear elasticity equations while using Egs. (10) and (11), the
strain components are obtained in terms of curvatures and displacements (and/or their derivatives). Assuming either an
orthotropic, quasi-isotropic, transversely isotropic, or isotropic behavior for the adherend materials, the stress-strain relations can
be written as:

0=Qe¢ (12a)

where Q is the 6x6 reduced stiffness matrix, ¢ is the 6x1 strain vector, and ¢ is the 6x1 stress vector with the following general
components:

Upper adhesive-adherend interface
Lower adhesive-adherend interface
Tube (adherend) 2

Tube (adherend) 1

Fig. 4. Force balance on a cut portion of the tubular joint (dimensions not to scale).
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Gy=1+0, 0, O, T, T o\ 12b
X 0 T 0 > x0
=l & & M T Tw }T (12¢)

Qll le 613 0 0 616
du QZZ QM 0 0 626
QB d23 QBB 0 0 QBG
0 0 0 Q4 Qs O
0 0 0 645 QSS 0
d16 d26 d36 0 0 QGG

Q= (12d)

Using the coordinate system shown in Fig. 2, based on Egs. (10) and (11), as well as the forgoing assumptions, the strain
components are written in terms of displacement components as:

i = Vi = Yaoi =0 (i=1,2) (13a)
%z%ﬂ% (13b)
=g 030

Vi = Fei(X) +% (134)

One using the expressions (12a-12c) as well as the strain displacement equations, the resulting stress components in each
adherend layer is (i = 1, 2):

N =Q d“;;(x)ﬂd’“a;( )+ qy 1;10;( ) (14a)
M =q¥ d“;;(x)ﬂd’“a;f )+ qy ‘;’0 +( ) (14b)
o® = QW d“;;(x)+zd/€§;( X) +QY 1;’0:5 z) (14c)
8= Q| 0+ ) (14
2= Qs 0+ 1) (14¢)
ST du;),(( )+de3;( x) +aQW 1;’035 X) (149)

Furthermore, the expressions for loads and moments/unit length can be calculated according to the following equations:

y Bard oa+)
N n o (*) M s (k)
=S % dz, =S K zdz, (15a)
Ny| &Y= W1+Z) M R T
NOX x0 R. Mﬂx x0 R.
) 78
x0 x0

Z
4 } KZ[Z’”T )dz (15b)

In Eqg. (15b), Ks is the shear correction factor and is considered to be 5/6 [32]. On using Egs. (14a)-(14f), the expressions for
variation of the loads and moments/unit length in each tube (i = 1, 2) are determined as:
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N [a 4 200|200 5 4 Lo 9 Ay, (16
N, = a2 ) g 858y, 7
Qe = e A+ 28 0+, A + -0 | 2 (18
R LR LT e 19)

However, the Dy elements of the bending stiffness matrix D, Bj elements of the coupling matrix B, Aj elements of the
extensional stiffness matrix A, Ej and Fj; elements of the two additional matrices E and F are defined and obtained according to the
following equations:

h N
Ay = [4Q,dz=) Q0 (2, ~2) (20a)
2 k=1
% ) 1 X A (k) (2 2
By = fthijZdZ =5 2,00 (4. - 74) (20b)
2 23
b 18—,
D; = f—zh Qijzzdz =2 QL ) (ngq - ng) (20c)
2 3=
— 253 _1QNAm0 (4 4
Ej= | 5Qzdz=2) Qj (Z ki1 T Z k) (20d)
2 44
W o= -
2 Qy N, Rtz
F=[2—"dz= () |y | T Skt
y f’%‘ R+z ;Qu Rtz (20e)

In these equations, h is each tube wall thickness and N refers to the total number of layers used to fabricate the composite
adherends. For the isotropic adherend N = 1. Moreover, subscript k is used to number the layers in composite adherends.

Furthermore, a quadratic function was assumed for the axial displacement in the adhesive layer to allow for the variation of
shear stress in its thickness direction. The pertinent expression is presented as:

Uaan (%,7) = 110 (1) (X) + 71 (1)Ut (%) + 1, (r)ut, (%) (21)
Here, the three functions ,(r), n,(r), and n,(r), are obtained using the following boundary conditions:

= R, +R,

Uggn (X7 = Ro) = Up(X) , Rogy = 5 (22a)
Ugan (X7 = Ry) = uy () (22b)
Ugan (X7 = Ry) = Uy (x) (22¢)

where the two functions u,(x), u,(x)are the adhesive axial displacements at its upper and lower surfaces, and u,(x) is the axial
displacement at its mid-plane, respectively. The two functions u,(x), and u,(x) are determined in terms of other functions as:

() = U,(0,7 = ~12) = ()~ 2.1,,(%) (232)
() = (5,2 = 1) = g () + B, (9 (23b)

In Egs. (23a) and (23b), u,,(x) and u,,(x) correspond to the adherends 1 and 2 mid-plane axial displacements. Now, the radial
displacement in the adhesive layer is expressed as:

Woan (X,7) = wy (Mg 1 (%) 4w, (r)w, (%) (24)
where the two functions w,(r) and w,(r) are defined according to the following boundary conditions:

Wi (X,7 = R,) = W, (X) (25a)
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Wean (X1 = Ry) = Wey (%) (25b)

Using the expressions for strain-displacements in the adhesive layer and substituting the results back into the expressions for
stresses, one can show that the axial and normal stresses in the adhesive layer, o, .4, (x,r) and o, 4 (x), as well as the shear stress
component 7, ., (xr), can be expressed in terms of displacement components (or their derivatives) as:

Oy (7) = Eg 1o (1) 22l o 240 ) o) (262)
X dx dx
7y aan(X) = Eagy w (26b)
dr, dr, d d d
Trx adn (67) = Gagn ];r(r) Uy(x) + S:T) u, (x) + 77;(7’) U, (X) | + Gogn [%(T) Wo, (3) + wy(1) w;:((x) (26¢)

In Egs. (26a)-(26c), Eaan and Gaar are the elastic and shear moduli of the isotropic adhesive, respectively. Now, the shear stress
components 7, and 7, at the lower and upper adhesive-adherend interfaces are defined as:

T = 7—rx,adh (X,Y = RZ) (273)

T2 = Tryaan (%7 = Rs) (27b)

Moreover, the function presenting the axial load in the adhesive layer is:

Ry
Pan(¥) =27 [ 10, o (7)1 (282)

du, (x)
dx

Pg(X) = 27E 4,

R, du,(x du, (x
(1) 2 () Bl
R, dx dx

+1, (Y) rdr (28b)

Now, for simplicity, the three functions ¢,,¢,, and ¢ are defined as follows:

Ry .
&= ZWEaath Ty (r)dr (i=1,23) (29)

Based on these definitions, upon integration of Eq. (28b), the axial load in the adhesive layer is recast in the following form:

duy(x) du, ,(x) | h, dr, (%) du, ,(x) h, dk, ,(x)
P _ 0 01 My WA 02 _ M UWhyo
wan(X) = & dx T4 dx * 2 dx 5 dx 2 dx (30)
where h: and h» are the thicknesses of the two tubes 1 and 2, respectively. Since:

P( ) 2TrR1Nx1( ) (I = 1’ 2) (31)

then, the axial load distributions in tubes 1 and 2 can be expressed in terms of the Ay, B, and Dj elements of each tube as:

w1 ) dug () (1o )de(x) A .

Rl = 2eR, [ a3+ o (B ED(H]W vl (1=1,2) (32

The superscripts (1) and (2) on the above parameters refer to the properties related to tubes 1 and 2 respectively.

On application of Egs. (16)-(19), (26b)-(26c), (30), and (31) into equilibrium equations (1) to (8), the following coupled differential
equations were obtained, solution of which were determined using differential quadrature method. These solutions were used to
determine the stress distributions 7,, 7,, and o, in the adhesive layer along the bond length:

J1d21;012( )+}2d2/; 2( )+}3dw01( )+}4d“01( )Jrjs ( )+}6d“02( )+}7 ( )+}8 dlgoix)zo (332)
Ry o e o R o)
I, d%;o 12( )y, alz,;lxz(x)+ I dw‘;;(x)Jr I dua;(x)+ I dnxd;(x)Jr 3 du§2( )ig, 8 d mo®) |y d';of)zo (33c)
J1o d2l;°€( )+}24 dzzxz(x) + s dw‘;;(x) + T dugi( )+J27 o (%) +Jas du“;( )+J29 e W +Js f(x) =0 (33d)

I du‘oi;(x) s dn:i;(x) I dzut.i)o;( ) s dl:o L) dl:;2 —0 (33¢)
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dug ,(x) d*wy,(x) W dw,,

d d

Jos 2=+ Iy “ji;(x) a2 T 2 J— 22 =0 (339
d d dx. d
Jn u%;((X) +Ja dli)é;((x) +J43Wo 1 (%) + Ja uod;(x) +Jas Hai(X) +J46Wo »(X) + J 7 b:;)EX) =0 (338)
2 2
el g Ty g, =0 (33h)
d2 d2 . .
J I;‘;:Z(X) +J5 ’;;22(?() + J W, ,(x)=0 (33i)
d2 d2 . d .
J, Zf; 12(") +Jy ’;& 12(") +Js wo‘i;((") + Jorki, 1(X) =0 (33j)
] d2u02(X) +] dz’ixz(x) +] dwo Z(X) +] K (X): 0 (33k)
107 502 27 g2 27 dx 53fx 2
2

Joy T00a g Qo) g Bl 4 g w9 -0 (33)

The coefficients J1-Jss are given in terms of other parameters in Appendix A. To fully define the field equations and solve the
previous differential equations, 25 boundary and continuity conditions were necessary. With the help of Eq. (9) and the geometric
conditions of the joint shown in Figs. 2 and 4, the corresponding relations were deduced as introduced in Egs. (34)-(37) [32].

. Atx=0;

F

NEP(Q) — _To
0= 5.

, M{P(0)=0 , Q(0)=0 (34)
(Application of axial load/length, zero bending moment/length, and zero transverse shear load/length at the left face of the inner tube, see Fig.
2

. At x =Ly

N,,(L)=0 , M,(L)=0 , Q,,([L)=0 (35a)

(Application of zero axial load/length, zero bending moment/length, and zero transverse shear load/length at the left face (free edge) of the outer
tube, see Fig. 2)

dul’®(x du, ,(x
) —uy() ST A 5b)
x=L, x=L;,
dx)(x) dr 4 ()
(bp) _ x _ YUhx
ey (L) = hga (L) dlx - = d;( ‘x:LL (35¢)
dwi)(x dw,, (x
W) = wyy(r) P )} — i) (35d)
x=L, x=Lp

(Application of continuity in axial displacement, curvature, and radial displacement, as well as their derivatives with respect to x, in the inner
tube at x = Ly)
. Atx =L+ L;

le(LL+L):O ’ Mxl(LL+L):O ’ Qxl(LL+L):O (363)

(Application of zero axial load/length, zero bending moment/length, and zero transverse shear load/length at the right face (free edge) of the
inner tube, see Fig. 2)

du, (%) duff? (x)
T D R 36b
02\t 02 \Lp dx . dx . ( )
di, (%) ) (x)
. L+L:'(bp)L+L , x 2 _ "y
Fea(ly + L) = k3 ( ) dx |, ., dx . (36¢)
dw,,(x) dwf? (x)
Wo,(L, +L)=w®(L, +1) , —eat! = 202 1% 36d
02\l 02 \Lp dx . dx . ( )
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Fig. 5. The schematic diagram of a cylindrical tubular joint with a regional void.

(Application of continuity in the axial displacement, curvature, and radial displacement of the outer tube, as well as their derivatives with respect
tox, at x = L, +L, (right end of the overlap region, see Fig. 5)):

Oy, adh (LL + L) =0 (366)

(Application of zero normal stress at the right face (free edge) of the adhesive layer, see Fig. 5)
o Atx=L +L+L;

UL, +L+Ly)=0 , kOL, +L+L)=0 , wi(L, +L+L)=0 (37)
(Application of end constraints at the right face of the outer tube)

2.2. Governing differential equations for a defective tubular single lap joint hosting a cylindrical void

Figure 5 illustrates a tubular joint subjected to a tensile load with a cylindrical void. These defects often appear as cylindrical
spaces, which can result from air bubbles trapped within the adhesive or from improper fabrication of the joint. The characteristics
and behavior of these defects (void or debond) significantly differ from those of a crack. Therefore, the application of fracture
mechanics in this context is not suitable. Instead, elasticity equations are used to derive the corresponding equations for stress
distribution along the joint. In this context, linear elasticity can be employed for joint modeling (as in many other published
investigations), provided that the peak stresses remain within their elastic limit. This method can effectively estimate the stress
concentrations and stress distribution along the overlap of a joint, which in turn may be used in analyzing the joint failure if
desired. Furthermore, in adhesives with viscoelastic properties, stresses are released over time. Thus, the peak stresses estimated
by linear or nonlinear elasticity can facilitate a simpler determination of the adhesive's peak stresses (that occur at time zero)
compared to employing a linear or nonlinear viscoelastic model for the adhesive layer.

On this basis, to derive the equilibrium equations, the bond length was divided into three regions with the lengths L, Lo, and
Ls. Applying elasticity equations, equilibrium equations analogous to those for a defect-free joint (with length L) were derived for
regions I and III of each tube (with the lengths Li and Ls respectively). Although not shown, these equations were differentiated
from those in the previous section using the superscripts (I) and (III). However, in region II, due to the lack of an adhesive (as a
result of a void), the equilibrium equations were similar to those in Egs. (6)-(8) except superscript (II) was used instead of “bp”.

Applying the differential quadrature method in conjunction with the MATLAB software program, the solutions to these
equations were determined according to the following fifty boundary and continuity conditions [32]. The distributions of shear and
peel stresses at the adhesive-adherend interfaces were obtained accordingly [32].

. Atx=0:

NUD(0) = 2o, MUD(0)=0, QU(0)=0 (38)

27R;

(Application of axial load/length, zero bending moment/length, and zero transverse shear load/length at the left face of the inner tube, see Fig.
o Atx=1L:
NQ)Z(LL) =0, Mg)z (L,)=0, Qg)z (L,)=0 (39a)

(Application of zero axial load/length, zero bending moment/length, and zero transverse shear load/length at the left face (free edge) of the outer
tube at the beginning of the overlap region, see Fig. 5)

ugbf)(LL) = ug)l(LL)’ ’i(bf)(LL) = hi(”l(LL) ’ ngi’)(LL) = WgL(LL)

X

) _dufi)]  dPE)| s ()

dx 1, dx 1, dx 1, dx 1, (39b)
dwiP(x)| _ dwd)(x)|
dx 1, dx 1,
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(Application of continuity in the axial displacement, curvature, and radial displacement of the inner tube, as well as their derivatives with respect
to x, at the beginning of the overlap region (x = L))

e Atx=L +L;:

Ug)1 (L, +L1)= Mgll) (L, +L,) (40a)
K’f(l)l (L, +L)= Hf(”l) (L, +L;) (40b)
Wg)1 L, +L)= qu (L, +L,) (40c)

(Application of continuity in the axial displacement, curvature, and radial displacement of the inner tube at the junction of regions I and II (x =
Li+L1))

dug’,(x) dug}(x)
dx x=L; +L; B dx x=L; +L; (40d)

00 ) 00
dX x=L;+Ly dX x=Ly +Lq

i) dwl) on
dX X=Lp +Ly dX ‘x:L,_—Ll

(Application of continuity in derivatives of axial displacement, curvature, and radial displacement with respect to x of the inner tube at the
junction of regions I and II (x = Li+L1))

ug)z (LL + Ll) = ugg (LL + Ll) (40g)
’ig)z L, +L)= ’iinz) (L, +L,) (40h)
wQ)z (LL + L1) = wE)Hz)(LL + L1) (40i)

(Application of continuity in the axial displacement, curvature, and radial displacement of the outer tube at the junction of regions I and II
(starting location of the void, see Fig. 5))

Al dniy a0
dx x=L; +L; dx x=L; +L;
dug’,(x) dug’ ()
= 40k
dX x=L; +L; dX x=L;+L; ( )
dwg’ (x) dw{)(x)
= 401
dx x=L,+L; dx ‘X:LL+L1 ( )

(Application of continuity in derivatives of axial displacement, curvature, and radial displacement with respect to x of the outer tube at the
junction of regions I and II (starting location of the void, see Fig. 5))

Oy,adh (LL + Ll) =0 (40m)

(Application of zero normal (axial) stress at the free surface of the adhesive layer due to the presence of a void)
o Atx=L +L +L,:

u(OI)l(LL + Ll + Lz) = ugq(LL + Ll + Lz) (413)
K’S)l(LL +L+1L,)= K>(<Hl) (L, +L, +1,) (41b)
WgL(LL +L + Lz) = Wg?(LL +L + Lz) (41C)

(Application of continuity in the axial displacement, curvature, and radial displacement of the inner tube at the junction of regions II and III
(ending location of the void, see Fig. 5))

dug’, (x) _ duf’)(x)
dx - dx (41d)

x=L; +L+L, x=L; +L;+L,
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)i a1
dx x=L; +Ly+L, dx =Ly +Ly+L,

dwl),(x) _ dwll() g
dx x=L;+L;+L, dx x=L+Ly+L,

(Application of continuity in the derivatives of axial displacement, curvature, and radial displacement of the inner tube with respect to x at the
junction of regions II and III (ending location of the void, see Fig. 5))

ug)z (LL +L + Lz) = ugg(LL +L + Lz) (41g)
’ig)z (L, +L, +L,)= KLHZ)(LL +1,+1L,) (41h)
Wg)z (LL +L + Lz) = ngZ)(LL +L + Lz) (411)

(Application of continuity in the axial displacement, curvature, and radial displacement of the outer tube at the junction of regions II and III
(ending location of the void, see Fig. 5))

duf’,(x) _ duflx) 1
dx x=L; +L;+L, dx x=L; +L;+L,

el a1
dX x=L;+L+L, dX x=L,+L;+L,

whe| dull) a
dx x=1;, +L,+L, dx x=L, +L,+L,

(Application of continuity in the derivatives of axial displacement, curvature, and radial displacement of the outer tube with respect to x, at the
junction of regions II and III (ending location of the void, see Fig. 5))
e Atx=L +L +L,+L;:

N(XIHI)(LL +L +L,+ Ls) =0 (423-)
MUL, +L, +L,+Ly)=0 (42b)
QY (L, + Ly +L, +1;)=0 (42¢)

(Application of zero axial load/length, zero bending moment/length, and zero transverse shear load/length at the right face (free face) of the inner
tube, see Fig. 5)

MEJHQ(LL +L +L,+ L3) = ugbg)(L,_ +L+L,+ L3) (42d)
KL, +L, +L, + L) =s(L, +L, +L, +L,) (42e)
ng)(LL +L+L, + L3) = ngg)(LL +L +L,+ L3) (42f)

(Application of continuity in the axial displacement, curvature, and radial displacement of the outer tube at the junction of region III with the
remaining length of tube 2 characterized by Lz, see Fig. 5)

duff? (x)
dx

x=L +L+Ly+1s

dsf'7 (x)

dx

x=L; +Ly+L, +Lg

dwf?(x)
dx

x=L; +L; +L, +Ly

duf’?(x)
dx

x=L +L+Ly+Ls

()
dx

x=L; +Ly+Ly+1g

_ dwiP(x)
dx

x=L;+L+L+1g

(42¢)

(42h)

(42i)

(Application of continuity in the derivative of axial displacement, curvature, and radial displacement with respect to x of the outer tube at the
junction of region III with the remaining length of tube 2 characterized by Lg, see Fig. 5)

Ux,adh (LL + Ll

+L,+L,)=0

(42j)
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Fig. 6. The schematic diagram of a cylindrical tubular joint with a regional debond.

(Application of zero normal stress at the right face (free edge) of the adhesive layer, see Fig. 5)
o Atx=L +L +L,+L,+Lg:

ugbg)(LL +L +L, + 1, +1g)=0 (43a)

KDL, 4Ly + L, + L+ 1) =0 (43Db)

WL, + L, +L,+L,+L,)=0 (43c)

(Application of end constraints at the right face of the outer tube)

2.3. Governing differential equations for a defective tubular single lap joint hosting a cylindrical debond

A tubular joint with a central partial debond between the adherend and inner tube is shown in Fig. 6. To derive the equilibrium
equations, similar to a void defect, the bond length was divided into three regions I, II, and II, with the length Li, Ly, and Ls,
respectively. The equilibrium equations for regions I and Il were similar to those extracted for a void defect except in region II, due
to a partial debond between the adhesive and inner tube, the axial displacement function was selected according to Eq. (44) to
allow for zero shear stress along the debond length:

U (%,1) = po(NU" (X) + p, (Nuty” () (44)

Furthermore, in region II, 7, (x,R,) = 0. This condition can be written in terms of adhesive displacement components as:

ould (x,r)  owl (x,r

Gaan "‘a"£ )y g‘i N —o (45)
T=R,
Equating w'® (x,r = R,) to zero, Eq. (45) is recast as:
Ougah (x,7)

TUan®T)

a |z (46)
-2

Using Eq. (46) in combination with Egs. (47a) and (47b), the two functions p,(r) and p,(r) are determined in terms of tube
parameters, as shown in Egs. (48a) and (48b):

Ulgh (%, R 1) = uf (x) (472)

Ul (x,R,) = ul”(x) (@7b)

—1* —2rR, + 2RR, + R
Po(r) = S\ D
(R3 - Ru)(Ru + R3 - 2R2)

(48a)

r>—2rR, +2R R, — R?
)= — 27 a2 a
P00 = (R "R )R, + R, —2R,) (aeb)

Using these relations, it can be shown that the expressions for the adhesive stresses in region II are [32]:

dul"(x)

dul”(x
P (5,1) = B | o) 222 B 1, 1) 81 B

dx

(49a)

g fflu)ah(x,f) =0 (49b)
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dp,(r dp,(r dw?)(x
)= | ) D) S50 (as0)
Moreover, by substituting Eq. (49a) into Eq. (28a) the axial load in the adhesive layer in region II is:
R, dul(x dul(x
Bt = 2 [ S 1, )2 (50
This equation might be simplified as:
du™(x dud(x
Bl (xr) = &, 20 B g 20 (51
where,
Ry
£y = 27mE g, N po(r) rdr (52a)
Rs
& =274, v P2 (r) rdr (52b)

The boundary and continuity conditions used to solve the resulting differential equations are similar to those introduced for
the void model, except that Eq. (40m) is replaced with the following two conditions [25, 29]:

ME)I)(LL +L,)= ugl)(LL +1,) (53a)
(Satisfaction of continuity in adhesive displacement above the debond region at the junction of regions I and II)
ugl)(L,_ +L +L,)= ME)H”(LL +1L; +1y) (53b)

(Satisfaction of continuity in adhesive displacement above the debond region at the junction of regions II and III)

3. Finite Element Models of the Joint and Properties of the Selected Materials

To validate the results of semi-analytical solutions, a few models were prepared and solved using ABAQUS V2020 finite
element engineering software. The models included three types of joints introduced before (namely, a perfect joint model, a
defective joint with a void, and a joint hosting a debond). All models were exposed to an axial force that produced an axial stress
of & =100 MPa in each tube outside the bond length, far enough from the overlap ends. To mesh the models, the 8-node C3D8R
element with translational degrees of freedom at each node was selected for both the adhesive and adherends (see Figs. 7(a)-7(d)).
To better estimate the stress concentrations at the zones with a high-stress gradient, the elements were reduced in size at locations
near the overlap ends (for a defect-free joint) and at the free edges of the debond or the void (for a defective adhesive). To obtain
accurate results, the reduced integral method was adopted to obtain the solutions.

To apply the axial load, a reference point was selected at the center of the cross-sectional area of the inner tube. Using the
coupling constraint this point was integrated with the cross section to apply the load (on the left side) and boundary conditions on
the right side of the model.

Outer tube (tube 2)

—

Adhesive layer

Inner tube (tube 1)

(®)

Fig. 7. Meshed models of the single lap joint and the convergence results used in the present analysis [32], (a) A meshed model of the tubular lap
joint with the applied boundary conditions at the ends, (b) Meshed model of the bond length with no defect in the adhesive, (c) Meshed model of
the bond length with a void in the adhesive, (d) Meshed model of the bond length with a debond in the adhesive, () Convergence test for the
achievement of accurate results.
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Fig. 7. Continued.

Table 1. Mechanical and geometric properties of the joint constituents (the inner tube and adhesive layer were assumed to be isotropic) [32].

Parameter Outer tube (tube 2) (glass/epoxy) Inner tube (tube 1) (Aluminum or steel) Adhesive layer (IPCO 9923)
Inner radius (mm) 12.2 10.0 12.0
Outer radius (mm) 13.2 12.0 12.2
Total length (mm) 90.0 (L+Lg) 90.0 (Li+L) 30.0 (L)
Elastic modulus E; (GPa) 26.2 75.0 (aluminum), 200 (steel) 2.5
Elastic modulus E, (GPa) 26.2 75.0 (aluminum), 200 (steel) 2.5
Elastic modulus Es (GPa) 11.6 75.0 (aluminum), 200 (steel) 2.5
Shear modulus G, (GPa) 4.8 28.85 (aluminum), 80.6 (steel) 1.0
Shear modulus Gis (GPa) 2.6 28.85 (aluminum), 80.6 (steel) 1.0
Shear modulus Gz (GPa) 2.6 28.85 (aluminum), 80.6 (steel) 1.0
Poisson’s ratio vi 0.1 0.3 0.35
Poisson’s ratio vis 0.15 0.3 0.35
Poisson’s ratio vas 0.2 0.3 0.35

4. Results and Discussions

4.1. Defect-free model
To verify the accuracy of formulations and the solution method adopted in this work, the results of the semi-analytical analysis

for a defect-free lap joint were obtained and compared against the finite element results. The pertinent results were based on an
axial force that produced a normal axial stress of & = 100 MPa in each tube far enough from the bonded length.

Journal of Applied and Computational Mechanics, Vol. 11, No. 4, (2025), 1112-1138 ﬁi?ﬁ,



The Effects of Defects and Adherend Material on Adhesive Stress Distribution 1127

As shown in Figs. 8(a) and 8(b), good agreements were obtained between the results of both methods for the interfacial shear

stresses 7,,, =7, and 7, =7, (see Fig. 3). The end differences in the peak shear stress between the present semi-analytical results
and those of finite element findings are due to singularity in the formulation of the problem that is based on the solid mechanics
approach [26-27]. It is worth mentioning that the term “singularity” in joint analysis refers to the phenomenon where shear and
peel stresses at the free adhesive ends (the overlap ends) exhibit a high-stress gradient over a short distance from the edges of the
overlap region. Ideally, the free ends of the adhesive must experience zero shear and peel stress. However, in most joint analyses,
applying the condition of zero shear and peel stress at these ends is challenging due to the complexity of the problem. This
singularity arises from the structural mechanics (rather than continuum mechanics) approach typically adopted for problem
formulation, which may be based on linear or nonlinear elasticity. Only a few studies have successfully implemented zero shear
or peel stress as boundary conditions at the free ends of the adhesive layer (i.e., see Refs. [24, 28-30]). Since most solutions based
on structural mechanics often fail to predict zero shear and peel stresses at the adhesive layer's free ends, alternative methods
such as the finite element must be adopted to correct the stress values at these locations. However, despite the tendency of the
solid mechanics approach that uses elasticity equations to predict peel and shear stresses along the bond length, application of this method
usually leads to higher safety factors in joint analysis (due to higher shear and peel stresses), which may be desirable for a joint
designer. Based on this argument, numerous researchers have applied linear elasticity to obtain analytical or semi-analytical solutions to
present the distribution of stresses along the overlap length, while correcting the peak stresses (or stress concentrations) in the
adhesive either by finite element analysis, analytical solutions, or an experimental work. Considering this argument, additional
results on shear stress distribution in the adhesive layer of a socket joint under the same axial load were superimposed (from [24]) on
the same graph to better differentiate between the shear stress distributions in a single lap joint and those of a socket joint (see Figs.
1(a) and 1(b)). In this comparison, the same physical and mechanical properties for the adherends and adhesive layers were used
in both models. As observed, in the two types of joints, due to dissimilarities in the properties of the two tubes, the peak shear
stresses at the adherend-adhesive interfaces occur at the right end of the joint. However, compared to the single lap joint, the socket
joint in [24] experiences smaller values of peak shear stresses near the overlap right end due to its structural symmetry and loading
about the y-z plane (see Fig. 1(b)). The reductions are about 25% for 7., =7, and 35% for 7,,, =7,. Additionally, the peak values of
shear stresses 7, and 7, that occur at the right end of the joint are the same in the socket joint model due to equality in tube
diameters which is missing in a single-lap joint. As observed, for the single lap joint in the present work, due to the unequal
diameters of the two tubes, (7,,,)_.. > (711 ),..,- AS further investigations, the inner tube material was replaced with steel to explore
the effect of any change in tube material on the adhesive shear and peel stress distributions. The pertinent results are
superimposed on Figs. 8(a), and 8(b). As shown, replacing the inner aluminum tube with steel pipe slightly increases the peak shear
stresses (7)., and (7,,,),,, thatoccur at the right end of the adhesive layer.
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Fig. 8. Shear stress distributions at the adhesive-adherend interfaces in a defect-free tubular single lap joint under an axial tensile load ([+45:]s
glass/epoxy outer tube) [32], (a) Distribution of shear stress at the lower adhesive-adherend interface, (b) Distribution of shear stress at the upper
adhesive-adherend interface.
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Fig. 9. Distribution of peel stress in the adhesive layer along the bond length ([+452]s glass/epoxy outer tube).
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Fig. 10. Shear stress distribution at the adhesive-glass/epoxy ([+45]s) outer tube interface as a function of adhesive elastic modulus in a defect-free
tubular single lap joint under axial tensile force [32].

Figure 9 presents the distribution of peel stress ¢ =0, in the adhesive layer along the bond length. As shown, there is a good
agreement between the results of the finite element model and those of the semi-analytical solution. This validates the solution
method and the assumptions made in formulating the problem. Based on the findings presented in this figure, it is observed that
based on the geometric and mechanical properties selected for the joint, almost 80% of the bond length experiences zero peel
stress, while this value is approximately 20% for the shear stresses at the adhesive-adherend interfaces. Furthermore, replacing
the aluminum pipe with steel, reduced the tensile peel stress in the adhesive layer by 50%, due to the higher bending stiffness of
the steel pipe.

Figure 10 shows the shear stress distribution at the adhesive-outer tube interface, as the elastic modulus of the adhesive layer
increases from 1 GPa to 3.5 GPa. Similar behavior was observed for variation of 7., = 7, at the adhesive-inner tube interface, except
that a smaller peak value of 32 MPa was observed at the right overlap end. According to these results, increasing the elastic modulus
of the adhesive from 1 GPa to 3.5 GPa increases the adhesive peak shear stress by 54%. Although not shown, due to this increase in
the elastic modulus, the tensile adhesive peel stress that occurred at the left end of the bond length, was increased from 3 MPa to
6.5 MPa, possessing a value of 5 MPa for E = 2.5 GPa.

Figures 11(a) and 11(b) show the distribution of shear and peel stresses along the bond length. According to the results in Fig.
11(a), there appears to be an optimum value of L for which the whole bond length remains active in bearing the shear load
approaching zero at a location that is a function of geometric and mechanical properties of the joint’s constituents. However, any
changes in L appear to have a greater impact on the peak peel stress values (s,) _ in comparison with the peak shear stresses
(Tre1 ) ey @04 (T122),.., (s€€ Figs. 11(a) and 11(b)).

To explore the effect of lamination setup on the peel and shear stress distributions in the adhesive layer, in addition to the
orthotropic lamination setups of [+45,/—45 ] and [0, /90,];, the quasi-isotropic arrangements of [0/90/—-45/45];,and the
transversely isotropic arrangement of [0;] were selected for the outer tube (see Figs. 12(a), 12(b), and 12(c)). However, to generate
more meaningful differences in results due to a change in material properties and lamination setup, the inner tube was considered
aluminum with carbon-epoxy composite as the outer tube. The corresponding mechanical properties of the outer tube are given
in Table 2. In all cases, the total thickness of the carbon/epoxy composite pipe was assumed to be constant and equal to 1 mm. Using

this value, each layer possessed a thickness of 0.125 mm. Other properties of the inner tube and the adhesive layer were selected
according to Table 1.
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Fig. 11. Shear and peel stress distributions in the adhesive layer as a function of bond length in a defect-free tubular single-lap joint under an axial
tensile load ([+452]s glass/epoxy outer tube) [32], (a) Distribution of shear stress at the adhesive-adherend interface, (b) Distribution of peel stress.

As shown in Fig. 12(a), the highest adhesive peak shear stress has occurred for the quasi-isotropic lamination setups of
[0/90/—45/ 45],. However, in comparison with the orthotropic layer arrangements of [0, /90,];, the [+45,/—45,] lamination
sequence experienced smaller peak shear stresses at the two ends of the overlap region. According to Fig. 12(b), a similar behavior
was observed for (r,,) _ with almost the same peak values as (7,,) . near the overlap ends. Examination of the results in Fig.
12(c) indicates that although the quasi-isotropic arrangement of [0/ 90/ —45/ 45]; created the highest interfacial peak stress in the
adhesive layer, yet the highest positive peel stress experienced by this setup was very close to those of other layer sequences.
Furthermore, as expected, the transversely isotropic lamination set of [0s] produces the best distribution for the peel stress, due to
an applied tensile load. Nonetheless, considering the results in Figs. 12(a), 12(b), and 12(c), it is obvious that the [0s] arrangement
seems to be the best choice for the arrangement of the layers in the composite pipe.

4.2. Defective adhesive hosting a cylindrical void

Figures 13(a) and 13(b) show the distribution of shear stresses 7, and 7, at the adhesive-adherend interfaces, in a defective
joint hosting a void. To obtain these results, the void was assumed to have a length of L,= 8 mm at a location with L; = 18 mm,
and Ls = 4 mm. Furthermore, the properties of both tubes and the adhesive layer (in both sections 4.2 and 4.3) were selected from
Table 1. Comparison of the results in Figs. 13(a) and 13(b) show similar distributions for 7, and 7, along the bond length except
that (7,,)... > (Tma),., atboth ends of the overlap region. Furthermore, a comparison of the results in Figs. 13(b) and those in Fig.
8(b) indicate that the presence of the previously described void which is 26.6% of the total bond length, causes a 6.0 % increase in
the maximum (r,)__ thatoccurs at the right end of the bond length. However, although not shown, further investigation in results
revealed that the impact of central voids (voids being centrally located along the bond length) on the peak shear stresses is only

significant for void lengths exceeding 75% of the total bond length [32].

Table 2. Properties of the carbon/epoxy composite tube (total bond length = 60.0 mm).

Elastic modulus (GPa) Shear modulus (GPa) Poisson’s ratio
E1 EZ ES GlZ G13 GZS V12 Vi3 V23
128.0 10.0 10.0 4.49 4.49 3.58 0.28 0.28 047
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of the adhesive layer, (c) Peel stress distribution in the adhesive layer.

Journal of Applied and Computational Mechanics, Vol. 11, No. 4, (2025), 1112-1138

~\/~



The Effects of Defects and Adherend Material on Adhesive Stress Distribution

1131

35.00

30.00

20.00

T, (MPa)

10.00

Semi-analytical void solution
--= Al to glass-epoxy

FE void solution
= = Al to glass-epoxy

St. to glass-epoxy

L

er ube
(tube 1)

Clidrical woid =

1.00

25.00

20.00

T, (MPa)

15.00

10.00

Semi-analytical void solution
-~ Al to glass-epoxy

FEvoid solution
= = Al to glass-epoxy
St. to glass-epoxy

Cylindrical void

Outer tube (tube 2)
Adhesive layer
Inner tube (tube 1)

20.00

0.80

0.90 1.00

10.00
0.00
-10.00
-20.00

-30.00

G, (MPa)

-40.00
-50.00

-60.00

-70.00

Semi-analytical void solution
= = Al to glass-epoxy

FE void solution
—-— Al to glass-epoxy
< St. to glass-epoxy

Quter tube
(tube 2)
Adhesive layer
Inner wbe
(tube 1)

I(_."
x

i
£

A

e

D R L ool

0.00

0.10

©

0.80

0.90 1.00

Fig. 13. Shear and peel stress distribution along the bond length (L=30 mm) in a tubular joint hosting a void and sustaining an axial tensile force
([+452]s glass/epoxy outer tube) [32], (a) Shear stress distribution on the lower surface of the adhesive layer, (b) Shear stress distribution on the upper
surface of the adhesive layer, (c) Peel stress distribution along the bond length.

/-

Journal of Applied and Computational Mechanics, Vol. 11, No. 4, (2025), 1112-1138



1132 M. Shishesaz et al. Vol. 11, No. 4, 2025

45.00
Semi-analytical debond solution FE debond solution
40.00 -+~ Al to glass-epoxy = = Al to glass-epoxy \
- St. to glass-epoxy \
35.00 Cylindrical debond "
30.00 e i b
. Adhesive layer 1‘
® Inner tube l P
E 25.00 (tube 1) S 2
£ e Vo
= 20.00 / B
e ' \:‘.\_' /
15.00 \ =
\
10.00
5.00 N
o A
000 Ll T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
XL
(@)
40.00
Semi-analytical debond solution FE debond solution
35.00 -+ = Al to glass-epoxy — Al to glass-epoxy
----- St. to glass-epoxy
30.00
Outer tube
& ube 2
25.00 Adhiee |ay)cr
Inner tube s
(tube 1) :
— 20.00 £
£ /
=
e e .
e 1500 /
10.00 1
L J
5.00
VY~ //"’\
RIS \\_’ o { | _#
0.00 = - *
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
x/L.
20.00
Semi-analytical debond solution FE debond solution
10.00 == Al to glass-epoxy — Al to glass-epoxy s
- St. to glass-epoxy ‘i\\“
0.00 \ ———— e ——a e —— —-—4 \\
\i ¢
-10.00 i \‘
Cylindrical : A
ylindrical dcﬁld//% x
Q -20.00 Outer tube =
(tube 2) 3
Adhesive layer .
Inner tube .
~ -30.00 (tube 1) = i
- == i
b / i
-40.00 ( ;
-50.00 \
-60.00
-70.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60

)

0.70 0.80 0.90

Fig. 14. Shear and peel stress distributions in a defective adhesive hosting a regional debond and sustaining an axial tensile force ([+45]s
glass/epoxy outer tube) [32], (a) Shear stress distribution on the adhesive layer's lower surface, (b) Shear stress distribution on the adhesive layer's
upper surface, (c) Peel stress distributions in the adhesive layer along the bond length.

Journal of Applied and Computational Mechanics, Vol. 11, No. 4, (2025), 1112-1138

/-



The Effects of Defects and Adherend Material on Adhesive Stress Distribution 1133

Analyzing the results in Fig. 13(c), it is evident that for the selected void dimension and location, the highest positive peel stress
occurs at the right edge of the void, instead of the left end of the bond length, as is the case for a defect-free adhesive layer (see Fig. 9).
Additionally, based on an elastic modulus of 2.5 MPa for the adhesive layer, this indicates a 60% increase in the peel stress in
comparison with a defect-free joint under similar loading condition.

To further investigate the effects of any change in tube material on stress distribution in a defective adhesive joint hosting a
regional void, the aluminum inner tube was replaced with a steel pipe of the same size. The pertinent results were superimposed
on Figs. 13(a), 13(b), and 13(c). As shown in Figs. 13(a) and 13(b), replacing the inner aluminum pipe with a steel tube, increases the
peak shear stress (7,,,) . by 18% and (7,,,) .. by 18.9% without affecting their locations. However, the tensile peel stress at the
same location was increased by 44%.

4.3. Defective adhesive hosting a debond

Figures 14(a), 14(b), and 14(c) show similar distributions for the shear and peel stress components in the adhesive layer due to
the presence of a debond with L= 8 mm (L: = 18 mm, and L3 = 4 mm). The finite element results were superimposed to verify the
semi-analytical solution. According to Fig. 14(a), for the selected debond length and position, the peak shear stress (7,,,)_, occurs
at the right end of the debond surface at its lower interface. This result is in contrast to the results of a defect-free (see Fig. 8(a)) and a
defective joint hosting a void (see Fig. 13(a)), where the peak shear stress occurred at the right end of the overlap region. This
indicates a 38% increase in (7,,) _ compared to a defect-free joint. However, in comparison to a void, the presence of a debond in
the adhesive layer bonded to an aluminum inner tube shifts the location and magnitude of (). from 28 MPa at the right end
of the overlap region (see Fig. 13(a)) to a value of 38.5 MPa at the right end of the debond surface (see Fig. 14(a)). This corresponds
toa39%risein(r,,) . - Moreover, a comparison of the results in Figs. 8(b), 13(b), and 14(b) indicate that the presence of previously
described local defects (a void or a debond) in the adhesive layer, slightly increases (r,,,)_ . Wwithout changing its location. According
to the findings in reference [32], defects located near the right end of the overlap region had a more significant impact on the peak
shear stresses. Additionally, a comparison of the results in Figs. 13(c) and 14(c) show that the peak positive peel stress developed
in the adhesive layer due to a void is similar to that resulting from a debond.

To investigate the impact of material change on stress distribution in the adhesive layer, additional plots were overlaid on
Figs. 14(a), (b), and (c), showing the effect of a steel pipe on stress shear and peel stress components. According to the finite element
results, the use of a steel pipe had a dual impact on 7, . Firstly, it increased the peak value of this stress from a value of 28 MPa to
a value of 33 MPa at the right end of the overlap region; and secondly, it considerably reduced the peak value of (r,,,)_. from 39.5
MPa (based on the aluminum inner tube) to 23.5 MPa. This indicates a 40% reduction in the original (r,,,)__ based on the application
of steel pipe. These results indicate this substitution in material can shift the magnitude and location of (r,,)__ from theright end
of the local debond to a location near the right end of the overlap region. However, an examination of Fig. 14(c) indicates that the
tensile peak peel stress is increased by 44%, without any change in its location.

4.4. The effect of the outer tube’s lamination sequence on the shear and peel stress distributions in a defective adhesive layer
4.4.1. Defect as a void

To explore the effect of lamination setup on the shear and peel stress distributions in a defective adhesive layer, three types
of lamination setups, namely transversely isotropic, orthotropic, and quasi-isotropic arrangements were selected for the outer tube
with carbon/epoxy as the pipe material. These setups were the same as those adopted in Fig. 12 for a defect-free joint. Figures 15(a),
15(b), and 15(c) show the corresponding distributions for r,, 7,, and o,. As shown earlier in Figs. 13(a), (b), and (c), for a defective
adhesive hosting a void, the application of [+45,] layer arrangement for the outer glass/epoxy tube resulted in the peak shear
stresses of (7,,,)_ .. and (r,,) . with the magnitudes of 31 MPa and 35 MPa, respectively, and a peak tensile peel stress of 8 MPa.
However, if carbon/epoxy is used instead of glass/epoxy, according to Figs. 15(a), (b), and (c), for the same void size and location,
values of 24 MPa, 23 MPa, and -3 MPa (negative peel stress) were obtained for the preceding stress values, respectively. These values
show the positive effect of carbon/epoxy material over the glass/epoxy on improving both stress components in the adhesive layer.
Furthermore, comparing the results in Fig. 15, it is evident that the [0,] transversely isotropic carbon/epoxy outer tube reduces the
peak shear stresses (7,,) . and (r,,). . from 24 and 23 MPa to 8 MPa, marking a 200% reduction. This arrangement also
contributes to a more uniform distribution of shear stresses, evening out the differences in shear stress values at the right ends of
the overlap region and the debond. This ultimately results in a safer structure.

Additional comparison of the results in Figs. 13(c) and 15(c) shows that compared to the [+45,] arrangement for the
glass/epoxy, the application of carbon/epoxy for the outer tube shifts the peak value of tensile peel stress from the void’s right end
to the left end of the overlap region. Additionally, among the four different lamination setups of [+45, /—45,] , [0,], [0/90/—45/45] ,
and [0, /90,], for the carbon/epoxy outer tube, the highest reduction in the peak adhesive tensile peel stress is achieved for the
orthotropic arrangement of [+45, / —45,] , as it lowers the tensile (o,) by 41% (see Fig. 15(c)).

max

4.4.2. Defect as a debond

The effects of carbon/epoxy lamination setup on the shear and peel stress distributions in the adhesive layer hosting a regional
debond are shown in Figs. 16(a), (b), and (c). The debond size, location, and layer sequences were the same as those selected for a
void. Comparison of the results in Figs. 14(a), 14(b), and 14(c), and those in Figs. 16(a), 16(b), and 16(c), for the layer arrangement of
[£45,], shows that compared to glass epoxy, the application of carbon epoxy lowers the peak shear stresses (r,,,)_ . and (7,,)_._
by 32%, 36%. Meanwhile, the peak tensile peel stress (o,)__ is reduced by 25%. Moreover, a comparison in results for different layer
arrangements indicates that the use of transversely isotropic layer arrangement of [0,] is the best choice for the reduction of peak
shear stresses as it lowers (r,,,) _and (r,,)_ . by 57% and 56%, respectively, compared to [+45, / —45, L setup. However, for the
peak tensile peel stress, the application of [+45, / —45,] arrangement seems to be a better choice for the outer tube since it mostly
reduces the peak tensile peel stress compared to the other setups.
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Fig. 15. The effect of lamination setup on the shear and peel stress distributions along the bond length in the adhesive layer of a tubular joint
hosting a void and sustaining an axial tensile force (carbon/epoxy outer tube) [32], (a) Shear stress distribution on the lower surface of the adhesive

layer, (b) Shear stress distribution on the upper surface of the adhesive layer, (c) Peel stress distribution in the adhesive layer.
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stress distribution at the upper surface of the adhesive layer, (c) Peel stress distribution in the adhesive layer
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5. Conclusions

The present study examined how an adhesive defect and the adherend material can affect stress distribution in laminated
composite tubular joints with axial tensile load. The tubular joint in question comprised two hollow tubes joined by a layer of
adhesive to create a simple lap joint, bearing a local cylindrical defect as void or debond. The adherends were assumed to be either
isotropic, quasi-isotropic, orthotropic, or transversely isotropic. Applying linear elasticity, the equilibrium equations were derived
and solved using the differential quadrature method and MATLAB engineering software. Additionally, several finite element
models of the joint were prepared and solved to validate the semi-analytical solutions. The results from both methods showed
good agreement. Furthermore, the results on a defect-free single lap joint showed that compared to a socket joint in tension, the
single lap joint experiences higher peak shear stresses near the overlap ends. Moreover, replacing the inner aluminum tube with
a steel pipe slightly increases the peak shear stresses (r,,,)__ and (r,,)__ ; although for this change in material and the selected
joint geometry, the tensile peel stress in the adhesive layer was reduced by 50%, due to the higher bending stiffness of the steel
pipe. According to the results, for a defect-free joint, among the orthotropic lamination setups of [+45, /—45,] and [0, /90,];, the
quasi-isotropic arrangements of [0/90/—45/45];, and the transversely isotropic arrangement of [0,], the lamination setup of [0,]
for the carbon/epoxy outer tube produced the best distribution of peel stress with the least peak shear stresses compared to the
other layer arrangements. Further results on a defective joint indicated that the existence of a void amplifies the maximum shear
stress within the adhesive layer, along with a notable rise in the intensity of the peel stress, in addition to a shift in its location.
Theincreasein (o,), .. ... Was60% for the void size at a location under consideration. Moreover, a local debond shifted the location
of (7)., from the right end of the overlap region to the right end of the debond with a 39% increase in magnitude. Additional
results indicate that in tubular joints with defects, the magnitudes and locations of the peak shear stresses (r,,,)___and (7,,)__ .
as well as peak tensile stress considerably depend on the material and/or lamination setup of the tubes. These results can serve as
important guidelines in failure analysis of adhesively bonded tubular joints as they provide valuable insights into the root causes
of joint failures and potential solutions for prevention.
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Appendix A
Constant coefficients used in Egs. (33a)-(33L) are:
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